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Summary
Morphological diversity is often caused by altered gene
expression of key developmental regulators. However, the
precise developmental trajectories through which morphol-
ogies evolved remain poorly understood. It is also unclear to
what degree genetic changes contributing to morphological
divergence were fixed by natural selection. Here we investi-
gate these problems in the context of evolutionary develop-
mental transitions that produced the simple unlobed leaf of
the model species Arabidopsis thaliana. We demonstrate
that A. thaliana leaf shape likely derived from a more com-
plex lobed ancestral state that persists in extantArabidopsis
species. We also show that evolution of the unlobed leaf
form in A. thaliana involved loss of expression of the
knotted1-like homeobox gene SHOOTMERISTEMLESS
(STM) in leaves and that cis-regulatory divergence contrib-
uted to this process. Further, we provide evidence for
a selective sweep at the A. thaliana STM locus, indicating
that loss of STM expression in A. thaliana leaves may have
been fixed by positive selection. In summary, our data
provide key information as to when and how the character-
istic leaf form of A. thaliana evolved.
Results and Discussion
Leaves are the main photosynthetic organs of vascular plants
and show a tremendous degree of natural variation in shape,
making them an attractive system to study the evolution of
form.Leaf shapecanbedescribedassimple (if theblade isundi-
vided) or dissected (also referred to as compound, if the blade is
divided into distinct leaflets). Furthermore, simple leaves can*Correspondence: angela.hay@plants.ox.ac.uk (A.H.), miltos.tsiantis@
plants.ox.ac.uk (M.T.)
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Drive, Oxford OX3 7BN, UKhave margins that are lobed, serrated, or smooth [1]. Repeated
evolutionary shifts between these leaf forms have hampered
efforts to understand when and how such morphological
diversity was generated and whether it arose in response to
natural selection. Nonetheless, such variation in leaf margin
morphology offers exciting opportunities to explore to what
extent evolutionary changes in the same developmental path-
ways directed evolution of similar organ geometries in different
species. All leaves are initiated as primordia with smooth
margins from a pluripotent structure termed the shoot apical
meristem (SAM), but in some species differential growth of the
leaf blade subsequently produces lobes or leaflets (Figure 1A)
[1]. Although the molecular determinants of unlobed versus
lobed or dissected forms are largely unclear, there is evidence
that species-specific regulation of class I knotted1-like homeo-
box (KNOX) gene expression contributed to such evolutionary
diversification of leaf form [2–4]. In model genetic systems with
simple leaves, such as maize and Arabidopsis thaliana, KNOX
activity is confined to, and required for, function of the SAM
[5, 6]. In contrast to this, many species with dissected leaves
express KNOX genes in both the SAM and the leaves [3, 7].
In genetic systems with dissected leaves, such as C. hirsuta
and tomato, KNOXactivity in leavescontributes to leaflet forma-
tion via the reactivation of growth polarization programs that
direct leaf initiation from the SAM [4, 8, 9]. However, this correla-
tion between KNOX gene expression in leaves and increased
margin complexity is not absolute, because dissected leaved
legumes do not express KNOX genes in leaves, and KNOX
expression has been observed in leaf primordia of species
with unlobed leaves, such as Lepidium oleraceum [3, 10]. It is
also unclear whether evolutionary shifts in KNOX expression
and leaf shape occurred in response to natural selection.
To understand the evolutionary developmental history of
the unlobed leaf morphology of A. thaliana, we compared
leaf morphologies within Arabidopsis, a well-supported
monophyletic group in the Brassicaceae [11, 12]. Mature A.
thaliana plants produce simple, unlobed leaves, whereas
most other species within Arabidopsis display lobed leaves
(Figure 1C) [13]. Morphometric analysis [14] confirmed that
differences in leaf margin complexity contribute substantially
to leaf shape variation between A. thaliana and its extant rela-
tives (Figure 1B; see also Supplemental Experimental Proce-
dures available online). We therefore investigated when,
during development, leaf shape of A. thaliana diverges from
that of its lobed leaved relatives. We observed that the
margins of A. thaliana and its lobed-leaved relatives were
indistinguishable during primordia initiation and early primary
morphogenesis at plastochrons P1–6 (where P is the time
interval between successive primordia). Divergence in margin
morphology was not evident until the end of primary morpho-
genesis at P7 (Figure 1D). Thus, evolutionary diversification of
leaf shape in the genus Arabidopsis may reflect species-
specific differences in margin growth patterns that occur
considerably after leaf initiation.
To determine whether the unlobed leaves of A. thaliana
represent a derived or ancestral leaf morphology, we con-
ducted a phylogenetic analysis of the broader Brassicaceae
group that includes Arabidopsis (‘‘Lineage 1’’ [11]). To this
Figure 1. Comparison of Leaf Morphologies
within Arabidopsis
(A) Leaf silhouettes of Arabidopsis thaliana,
Arabidopsis lyrata, and Cardamine hirsuta, from
top to bottom. Scale bars represent 1 cm.
(B) Eigenshape analysis of adult leaves from six
different Brassicaceae species. Each point in
the morphospace represents an individual leaf
specimen. Modeled shape variation correspond-
ing to a grid drawn at equal steps through the
range of ES1 and ES2 occupied by specimens
is shown as gray silhouettes. Shapes along ES1
show changes in thewidth of the lamina, whereas
the second eigenshape axis expresses shape
differences because of the presence of lobes
along the petiole. Connected lines represent the
morphospace occupied by each species.
(C) Heteroblastic leaf series for A. thaliana,
A. suecica, A. arenosa, A. lyrata, A. halleri, and
O. pumila. Scale bars represent 1 cm. A. thaliana
produces unlobed leaves throughout its life
cycle, whereas the adult leaves for the other
species display pronounced lobing.
(D) Comparison of leaf margin development of
A. thaliana and its lobed leaved relatives. Succes-
sive leaf primordia are labeled as P1–P13; s
denotes stipule, * denotes SAM. Arrowheads
indicate outgrowth at the leaf margins. Scale
bars represent 50 mm in SAM panels, 100 mm in
leaf panels.
Current Biology Vol 20 No 24
2224end, we compiled a supermatrix containing 15 loci for 35 repre-
sentatives of Lineage 1 [11, 12, 15, 16] plus the eight nonhybrid
species of Arabidopsis [17–19]. Both maximum likelihood (ML)
and parsimony topologies resolve the relationships within
Arabidopsis and between Arabidopsis and its close relatives
that are required to infer ancestral states for Arabidopsis
(Figure 2). The optimization of three leaf margin character
states (unlobed, lobed, or dissected) onto all of the equally
most parsimonious trees and the ML tree unambiguously
recovered a lobed ancestral state for Arabidopsis (Figure 2).
This observation suggests that the unlobed morphology in A.
thaliana represents a unique derived condition resulting from
evolutionary modification of a common genetic network that
is responsible for the formation of lobed leaves in Lineage 1.
In various dicotyledonous plants, expression of KNOX
genes is associated with dissected leaf morphologies, and in
A. thaliana, broadened or elevated expression of any of the
four class I KNOX genes results in the formation of deep lobes[2–4, 7, 8, 20]. Therefore, we reasoned
that KNOX expression in leaves might
also underpin naturally lobed leaf forms
in A. thaliana relatives. To test this hypo-
thesis, we investigated KNOX protein
distribution in shoots of A. thaliana and
A. lyrata using immunolocalization. We
observed nuclear localization of KNOX
proteins in the meristem of both species
(Figures 3A and 3B). However, we only
detected nuclear localization of KNOX
proteins in developing leaf primordia
of A. lyrata (Figure 3B). This pattern
of KNOX expression is similar to that
reported in C. hirsuta, in which activity
of SHOOTMERISTEMLESS (STM),
the best-characterized eudicot KNOXgene, is required for leaf dissection [4]. Together with the
observation that STM is expressed in lobed leaves of Arabi-
dopsis species (Figure 3C), these findings suggested that
STM expression may also be required for lobe formation in
Arabidopsis species with lobed leaves. To investigate this
hypothesis, we reduced STM expression in A. suecica by
artificial microRNA gene silencing [21, 22]. In comparison to
wild-type plants, lines with reduced STM transcript levels
produced unlobed leaves (Figures 3D–3G and Figures S1A
and S1B), demonstrating that STM function is required for
lobe formation. That STM is expressed in naturally lobed
leaves ofA. thaliana relatives and is required for lobe formation
in at least one of these species suggests a general requirement
of STM for lobe formation in the genus Arabidopsis. Two addi-
tional lines of evidence support this idea: first, Gibberellins,
which antagonize KNOX-dependent leaf lobe formation
[23–25], suppress lobe formation in O. pumila, A. suecica,
and A. lyrata (Figures S1C–S1T), and second, the timing of
Figure 2. Unlobed Leaves of A. thaliana Are
Derived from a Lobed Leaved Ancestor
One of 30 parsimony trees resulting from the final
combined analysis of 43 species and 13 loci.
Above-branch support values represent parsi-
mony jackknife and ML bootstrap, respectively
(* identifies support values < 50%). Resolution
in the maximum-likelihood tree differs at poorly
supported nodes in the Boechereae, indicated
by as in place of a bootstrap value. ^ indicates
nodes that were not resolved in all parsimony
trees. Branch colors correspond to parsimony-
based character state reconstructions for leaf
margins.
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2225lobe formation is similar in lobed Arabidopsis species and
lobed A. thaliana transgenic plants that constitutively express
the KNOX geneBREVIPEDICELLUS (Figures S1U and S1V and
[20]) or the STM gene during late primary leaf morphogenesis
from the BLS (At3g49950) promoter [8, 26].
Our work demonstrates that the unlobed leaf shape in the
model species A. thaliana was derived from a lobed ancestral
form and that the loss of STM expression in leaf primordia
contributed to this evolutionary transition. To test whether
positive selection contributed to the evolution of STM allelic
variants that lack leaf expression in A. thaliana, we analyzed
DNA polymorphism in 80 genome sequences of A. thaliana
ecotypes (http://1001genomes.org/). Selective sweeps asso-
ciated with positive selection are expected to drive an
advantageous mutation to fixation, resulting in the loss of
polymorphism around the target of selection [27]. We
compared the average heterozygosity in the 3.5 kb region
that includes STM to the 1Mb region of chromosome 1 around
STM and detected a reduction in polymorphism at STM
(PAllSites = 0.0017 6 0.00291 for STM and PAllSites = 0.0056 6
0.00482 for the 1 Mb segment). New mutations arising after
a selective sweep are always at low frequency, because they
need time to reach higher frequency in the population. Such
a bias in frequency spectrum can be detected using the DT
(Tajima’s D) statistic that is close to zero under neutrality and
becomes negative after a selective sweep [28]. For the 3.5 kb
region around STM,DT =22.5 (p < 0.001), whereas the average
for the 1 Mb region around STM is DT = 21.05; moreover, the
DT value for the 3.5 kb STM region falls outside the distribution
of all DT values we obtained for a randomly chosen 10 Mb
region of chromosome 1. Thus, DNA polymorphism data
suggest that a selective sweep occurred at the STM locus.
This idea was further supported by composite likelihood anal-
ysis [27] that compares the observed patterns of nucleotidevariation under neutrality and selective
sweep models and estimates the most
likely position of the target of positive
selection. Notably, the composite likeli-
hood surface calculated for a 20 kb
region around the STM locus peaks at
the 50 region of STM (Figure 4A), raising
the possibility that the selective sweep
in this locus was driven by positive
selection for STM promoter variants
that eliminate expression in A. thaliana
leaves.
We previously showed that cis-regu-
latory divergence in DNA sequences
4 kb upstream of the STM coding region underlies expression
of this gene in C. hirsuta but not A. thaliana leaves. We there-
fore tested the hypothesis that 50 cis-regulatory differences
distinguish STM alleles in A. thaliana from those in lobed
Arabidopsis species. First, we analyzed expression patterns
of an A. thaliana STM::GUS reporter gene fusion [29] in inter-
specific A. thaliana/A. lyrata hybrids. These hybrids have
lobed leaves (Figure S4 and [30]), indicating that processes
required for lobe development are active after hybridization.
We therefore reasoned that if evolutionary loss of STM expres-
sion in A. thaliana leaves arose predominantly through loss of
trans-acting factors, then the A. thaliana STM promoter would
be able to driveGUS expression in hybrid leaves. However, we
found that STM::GUS expression was absent in leaf primordia
of both A. thaliana and the F1 hybrids (Figures 4B and 4C).
Thus, trans-acting differences are unlikely to be the main
cause for divergent STM expression between A. thaliana and
A. lyrata, suggesting that cis-acting mutations contributed to
loss of STM gene expression in A. thaliana leaves. Second,
we observed higher expression of STMlyrata and STMhalleri
than STMthaliana in lobed leaves of A. thaliana 3 A. lyrata and
A. thaliana 3 A. halleri interspecific hybrids (Figure 4D). In
F1 individuals, both parental genomes experience the same
trans-regulatory environment; therefore, differential expres-
sion of the two STM alleles in the hybrids reflects cis-regula-
tory differences. These data do not exclude the possibility
that trans-acting factors also contribute to divergent STM
expression; however, the cis-regulatory elements that
respond to such factors would reside outside the 5.5 kb region
used to drive STM expression here and previously [29].
Our results show that the morphological consequences of
KNOX expression in leaves of different taxa are flexible and
context dependent, because STM is required both for lobe
formation in Arabidopsis species and for leaflet formation in
Figure 3. STM Regulates Leaf Shape in Naturally
Lobed Arabidopsis Species
(A and B) Immunolocalization of class I KNOX
proteins using an antibody raised against maize
KNOTTED1. Transverse sections through the
apex ofA. thaliana (A) andA. lyrata (B) are shown.
Scale bars represent 25 mm.
(C) Quantitative reverse transcriptase-poly-
merase chain reaction analysis of STM expres-
sion in leaves ofArabidopsis species. Expression
levels were compared relative to A. thaliana,
which was set to 1 (error bars indicate standard
error of the mean). Higher levels of STM were
detected in Arabidopsis species with lobed
leaves when compared to A. thaliana (t test
p < 0.01). Representative adult leaf silhouettes
of each species are shown.
(D–G) Reduction of STM expression via artificial
microRNA (amiR) affects adult leaf morphology
in A. suecica.
(D and F) A. suecica plant transformed with the
empty vector pMLBART showing lobed leaves.
(E and G) A. suecica plant transformed with the
broadly expressed 35S::amiR STM transgene
showing smooth leaves. Scale bars represent
1 cm. See also Figure S1.
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2226the related species C. hirsuta [4]. This idea is consistent with
similarly flexible and context-dependent morphological
outcomes of elevated KNOX expression in leaves ofA. thaliana
and tomato [8]. Although our data demonstrate that loss of
STM expression in leaves was a key event in the evolution of
A. thaliana leaf morphology, they do not imply that this was
the sole factor involved in this process. Current evidence
suggests that other genes also contribute to differences in
leaf margin complexity between species [31, 32]. Thus, to
gain a complete picture of the genetic changes underlying the
evolution of A. thaliana leaf shape, it will be useful to examine
the effects of interspecific gene transfers of STM and other
genes controlling lobe formation from Arabidopsis spp. into
A. thaliana. Further, it will be useful to determine whether and
to what degree allelic variation at STM contributed to natural
variation in leaf shape within lobed Arabidopsis spp. [33].
Our findings indicate that a selective sweep led to fixation of
STM alleles that lacked the ability to direct gene expression in
A. thaliana leaves, leading to an unlobed margin. Although it is
difficult to speculate on the adaptive value of this leaf shape,
there is evidence that increased mean annual temperature is
correlated with reduced leaf margin complexity [34]. This
raises the possibility that unlobed leaves may have been
selected during a warm phase of the global climatic cycle
that followed the divergence of A. thaliana from its lobed
leaved relatives [35]. Although the population genetics
methods used here identify a selective sweep at STM during
the recent evolutionary history of A. thaliana, it is possible
that climatic change influenced allelic diversity at STM in
several instances, and we see the signal of the most recent
event. To further test whether STM evolved adaptively, it will
be important to evaluate the fitness effects of different STM
alleles in natural environments and to test for signatures of
positive selection in other evolutionary lineages where altered
KNOX expression is associated with divergent leaf morphol-
ogies. It is also conceivable that STM alleles were selected
for altered activity in the SAM and that loss of leaf expressionwas incidental. However, STM is required tomaintain stem cell
activity in the SAM in order to produce all the above-ground
parts of a plant body [5]; thus, evolutionary tinkering with
STM activity in the meristem, versus the leaf, might be more
prone to producing pleiotropic developmental effects. Consis-
tent with this idea, KNOX expression in leaves has been gained
and lost multiple times during land plant evolution, whereas
expression in the SAM was conserved [3]. Multiple pathways
repress KNOX expression in leaves [36]; therefore, high modu-
larity in KNOX gene regulation may present fertile ground for
natural selection to sculpt divergent plant forms. This sugges-
tion is consistent with recent evidence showing that modu-
larity in cis-regulatory properties of key developmental genes
in animals allowed modifications in their expression patterns
that in turn facilitated the generation ofmorphological diversity
[37–39].
Accession Numbers
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CHS, HQ616533; Malate Synthase, HQ616534; CAD5, HQ616535.
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